Cox, ROBERT H. Effects of norepinephrine on mechanics of arteries in vitro. Am. J. Physiol. 231(2): 420-425. 1976. -The effects of smooth muscle activation on the pressure dependence of arterial wall characteristic impedance were studied with isolated segments of canine iliac and carotid arteries. Measurements of external diameter and transmural pressure were made before and after activation of the arterial smooth muscle (SM) by norepinephrine (NE) in concentrations of 0.5 and 5 pg/ml and used to compute values of characteristic impedance (&). In the absence of SM tone, values of 2, for both arterial sites increased monotonically with transmural pressure. For the larger [NE] , values of 2, exhibited a minimum at pressures of the order of 125 mmHg and increased for both larger and smaller values of pressure. For the smaller [NE] , values of 2, showed a similar pressure dependence but with a broader minimum.
It is concluded that the previously demonstrated constancy of vascular impedance with changes in arterial pressure is at least the result of the presence of a tonic level of SM activation in conduit arteries. vascular impedance; nonlinear elasticity; vascular smooth muscle; characteristic impedance; arterial wall mechanics PREVIOUS STUDIES from this as well as other laboratories have demonstrated that values of vascular impedance are essentially independent of changes in mean arterial pressure (1, 6, 12, 22) . These observations have been made at a number of different arterial sites and with arterial pressure altered by different means. For example, values of vascular impedance in the canine femoral artery have been shown to be independent of changes in arterial pressure associated with marked sinus arrhythmia (20) and produced by vagal stimulation (5). Values of vascular impedance in the ascending and descending aortas and the brachiocephalic and left subclavian arteries were found to be independent of pressure produced by efferent sympathetic and parasympathetic nerve stimulation (12). Values of ascending aorta input impedance spectrum were likewise shown to be independent of pressures produced by intravenous drug infusion (6). This independence of vascular impedance from changes in mean arterial pressure seems to be a general characteristic.
Subsequent studies of arterial wall mechanics in vivo demonstrated that the calculated characteristic impedance at a number of different arterial sites was also independent of intra-arterial pressure produced by cardiac vagal stimulation (8). It was also demonstrated that when norepinephrine was topically applied to the wall of the femoral artery increases in characteristic impedance at constant intra-arterial pressure occurred (8). In addit ion, it has also been demonstrated that during sustained carotid sinus hypotension values of ascending aorta (11) and renal artery impedance increased (2). These latter increases in impedance were not explained by changes in arterial pressure per se.
This arterial pressure independence of vascular impedance spectra and characteristic impedance has been proposed to be the result of the action of cardiovascular reflex mechanisms on the smooth muscle in the large arteries in the vicinity of the vascular impedance measurements (12). Considerable evidence exists indicating that smooth muscle in the wall of large arteries is innervated (4, 29, can be reflexly activated (24), and can produce significant hemodynamic effects (11, 21) .
These in vivo studies are complicated, however, by a number of factors. Measurements of vascular impedance in the presence of changes in mean arterial pressure can be influenced by altered reflections from various sites within the arterial system. In addition, the estimation of characteristic impedance by averaging values from the impedance spectra is subject to unknown errors. In vivo studies of arterial wall mechanics are likewise affected by cardiovascular reflexes in a generally complex fashion. In addition, the effects of circulating neurohumoral agents may also add unknown complications to such in vivo measurements. Accordingly, the studies reported here were undertaken to evaluate the effects of norepinephrine on the mechanical properties of isolated canine "conduit" arteries in vitro. In particular, the effects of norepinephrine on calculated values of characteristic impedance have been determined.
METHODS
These experiments were performed on segments of canine carotid and iliac arteries from 15 young, healthy, adult mongrel dogs. Samples of both blood vessels were removed rapidly from the animal, trimmed of loose connective tissue, and placed in the experimental apparatus. The apparatus, which has been described in detail previously (7), consisted of a temperature-controlled tissue bath. The bath was filled with an oxygenated physiological salt solution (PSS) and maintained at 37OC with a heater-circulator unit (Tecam Temp Unit). The composition of this solution was as follows (in mM): 116.5 NaCl, 22.5 NaHCO,, 1.2 NaH,PO,, 2.4 Na,SO,, 4.5 KCl, 1.2 MgS04, 2.4 CaC1,, and 5.6 dextrose. The measured pH of this solution was 7.42 t 0.03. One segment was mounted at its in vivo length with one end connected to an isometric force transducer.
The 0th .er end of the segm .ent was corm .ected to a manifold on a movable slide assembly.
The latter was used to introduce inflation pressure into the segment and to adjust the position of the segment in the bath. The external diameter of the segment was measured near its midpoint with a semiconductor cantilever transducer (19). The transmural pressure across the segment was measured through a sideport in the manifold with a Statham P23Db transducer. The other segment was maintained in PSS at 37°C in a metabolic shaker. The vessel segments were studied in random order in the different animals.
After incubation in the bath for at least 1 h, continuous inflation-deflation cycles were initiated. Pressure was continuously changed at a rate of 1 mmHg/s between 0 and 250 mmHg. After three to five such cycles, reproducible pressure-diameter curves were obtained and recorded-on analog tape (Sangamo model 3500). These data were used to derive passive stress-strain characteristics of these segments. Preliminary studies with these initial incubation and conditioning procedures have demonstrated that these particular blood vessels exhibited negligible smooth muscle tone (9).
After these initial recordings, pressure was set at 25 mmHg and maintained constant. When diameter had stabilized, norepinephrine (NE) was added to the bath to produce a final concentration of 5 lug/ml. After 2 min of constriction, presssure was reduced to a low value (2-5 mmHg) and maintained until diameter had again stabilized (about 6-10 min after the application of NE). The response of the segment to inflation at a rate of 0.2 mmHg/s was obtained and recorded on tape. Further slowing of inflation rate had negligible effects on these NE pressure-diameter curves (10). Only the inflation part of the curve was recorded and used for subsequent analysis.
Data in the literature show that attenuated smooth muscle responses occur when contractile element length is increased to values above the optimum value for smooth muscle force development (13). At the end of the experiment the blood vessel segment was removed from the bath, lightly blotted on filter paper, and weighed. A thin loop (about 1 mm wide) was cut from the middle of the segment. Unstressed values of internal and external diameter were calculated with a tool microscope. After the experiment was completed, data recorded on analog tape were played back on anX-Y plotter as curves of pressure versus diameter.
Pressure-diameter data points were taken from these curves for both NE and passive conditions for both the carotid and iliac segments.
Values of tangential wall stress were computed assuming a thin wall by the following formula where Pi is the in ternal pressure and a and b are values of internal and external radii, respectively. 
where p is the density of blood. Values of blood vessel characteristic impedance were estimated with the following relation (12)
RESULTS
Values of pressure and diameter were averaged from all the experiments for the two vessel sites at specific values of arterial pressure and are summarized in Fig.  1 . Values of external diameter were normalized by dividing by the value at zero pressure for each experiment before averaging. Activation of smooth muscle by NE produced a reduction in diameter at all values of pressure at the two arterial sites. The general form of this change in diameter and its pressure dependence were in agreement with values previously published by others (13, 26) . Figure 2 shows a summary of stress-strain data for the two vessels for passive and NE conditions.
Data at specific values of pressure were averaged from all experiments to produce these curves. Values of external diameter were normalized by dividing by the value at zero pressure for passive conditions for each vessel before averaging.
In general, at specific values of wall strain, wall stress was increased by smooth muscle activation.
This effect of smooth muscle activation on the stress-strain curves was strongly dependent on length, as would be anticipated lished results (13).
from previously pub-modulus in the case of the iliac was somewhat different, however.
At In the case of the carotid, on the other hand, a reasonably monotonic increase in the pressure-diameter curve occurred with increases in pressure after NE activation. The differences in the response of these blood vessels may be dependent on the architectural coupling of the various wall elements.
Values of phase velocity were computed with values of incremental wall modulus and equation 3. These data were then averaged at various values of intraarterial pressure from the various vessels and are shown in Fig. 4 . In the carotid, there was a monotonic increase in values of phase velocity with transmural nressure for both massive and NE-activated conditions. In the iliac, under passive conditions phase velocity also increased monotonically with transmural pressure. After NE activation, however, the variation of phase velocity with arterial pressure was somewhat different.
In the low-pressure range, phase velocity initially decreased and subsequently increased for values of pressure above 100 mmHg. This difference in the behavior of phase velocity in the two artery segments was obviously related to the differences in the variation of incremental elastic modulus with pressure for these two sites (Fig. 3) . 240 Iliac Computed values of characteristic impedance for the two vessel segments before and after activation are summarized in Fig Values of incremental elastic modulus as a function of wall strain are summarized in Fig. 3 for the two blood vessel sites. In general, activation of smooth muscle produced an increase in the incremental elastic modulus at all values of wall strain for segments from the two arterial sites. This has important implications for our previous studies on vascular impedance spectra at a variety of arterial sites in vivo. The previously observed independence of characteristic impedance and impedance spectra from changes in arterial pressure in vivo suggests that smooth muscle plays an active role in these responses.
If negligible smooth muscle tone in large conduit arteries existed in these previous experiments, it would be anticipated that characteristic impedance and impedance spectra would increase with increasing arterial pressure.
The fact that it did not suggests that smooth muscle tone in conduit arteries was present. In these previous experiment, which covered the pressure range from 75 to approximately 150 mmHg, some degree of activation of smooth muscle must have been present. Since values of characteristic impedance and impedance spectra were nearly constant with mean arterial pressure, these results suggest that a maximum level of contractile activity, which was employed in the present experiments, may not have been present previously.
As shown in Fig. 6 , moderate degrees of activation produce curves that occupy positions approximately midway between the two theoretical limits, i.e., passive and maximal activation.
Under such conditions, over the range of arterial pressure encountered in vivo a nearly constant characteristic impedance with arterial pressure could be manifest. Whether changes in the degree of activation of smooth muscle occurred in these experiments mediated through cardiovascular reflex mechanisms cannot be concluded from these data. These results, however, do suggest that the presence of smooth muscle tone is necessary in order to produce a value of characteristic impedance that is independent of transmural pressure. Some of the experimental results obtained in this study have been presented as a function of transmural pressure (Figs. 4-6 ). It could be argued that these data should more logically be presented as a function of normalized diameter (Figs. l-3 ). They were presented as a function of pressure because the principal objective of this study was to define the pressure dependence of theoretical values of characteristic impedance for these arteries.
This objective followed from previous hemodynamic studies that suggested that vascular impedance spectra were independent of changes in transmural pressure. Considerable differences exist in the mechanical behavior *of the carotid and iliac arteries as shown here. Previously, a number of differences have been demonstrated in these two blood vessels including their connective tissue composition, water and electrolyte content, and smooth muscle mechanics (9). These factors obviously would be expected to contribute to the differences observed here in the properties of these two vessels (Figs. 1 -6) . The exact manner i n which these various factors so contribute is not apparent at this time.
There are some limitations involved in directly translating these results to the previous in vivo measurements.
In vivo, the arterial wall is subjected to pulsatile changes in pressure and diameter associated with cardiac contraction.
In these studies only static or constant values of arterial pressure were studied. The effects of superimposing a sinusoidal complement of transmural pressure on these vessels are not directly apparent.
It has been demonstrated by a number of authors that the presence of a sinusoidal oscillation increases the stiffness of the arterial wall to different degrees at different arterial sites. Values for the ratio of dynamic to static elastic modulus in the range of 1. l-1.5 hav 'e been reported by Bergel (3) and Learoyd and Taylor (17) . A s a result, the dynamic elastic modulus, computed phase velocity, and computed characteristic impedance should be higher than those obtained from the quasistatic pressure forcings used here. Very little information exists in the literature to indicate the variation of dynamic over static modulus with transmural pressure. It is doubtful whether this ratio ch.anges over the physiological pressure range by a very large factor. Since the computed characteristic impedance is related to the square root of the incremental modulus, the effects of increased dynamic modulus are reduced further. It therefore is anticipated that the variation of characteristic impedance with arterial pressure in the presence of a dynamic pressure change will be qualitatively similar to those demonstrated in Fig. 5 .
Another difficulty arises from the fact that the properties of these arteries are actually anisotropic in nature (23) but the analysis applied here is appropriate for an isotropic vessel. It has been sh own, however, that the circumferential anisotropic modulus predominates in determining the volume elasticity (15) and pressure phase velocity (18) of anisotropic elastic tubes. Also, it has been demonstrated that the isotropic, incremental modulus is a reasonable approximation of the circumferential anisotropic elastic modulus (14). It therefore seems reasonable to conclude that treating these vessels as being isotropic is likely to introduce only relatively small errors in the overall analysis and would not invalidate the principal conclusions.
These studies were performed with steady inflation -pressures. Recent . experimen the presence of a sinusoidal tal res ults suggest that pressu .re v ,ariation may
